We introduce an ultrathin donor-acceptor solar cell comprised entirely of inorganic nanocrystals spin-cast from solution. These devices are stable in air, and postfabrication processing allows for power conversion efficiencies approaching 3% in initial tests. This demonstration elucidates a new class of photovoltaic device with potential for stable, low cost power generation.
enhance performance in semiconducting polymer solar cells (5, 6) . Hybrid systems have kept pace with their organic counterparts; however, it is clear that the ultimate limitations of hybrids may still be dictated by low mobility and environmental sensitivity of the remnant organic phase. A new class of solar cell based exclusively on colloidal nanocrystals has been anticipated theoretically in recent years (7, 8) . This investigation demonstrates such a device and presents a mechanism for its operation in the context of organic donor-acceptor and conventional p-n junction solar cells.
In recent years, a well-accepted model has emerged to describe the operation of organic based solar cells and distinguish them from their conventional inorganic counterparts (7, 9) . The organic donor-acceptor solar cell relies on a type II heterojunction, which serves to dissociate the strongly bound excitons characteristic of organic systems. Materials design for this type of photovoltaic system thus requires proper energy band alignment of active materials to facilitate charge transfer. Examples to date have been limited to systems utilizing at least one active organic component (5, (10) (11) (12) (13) (14) . However, studies of type II semiconductor nanocrystal heterostructures demonstrate that efficient charge transfer may also occur between two such inorganic components with staggered energy levels (15, 16) . In addition, recent research has revealed a growing number of similarities between films of nanocrystals and organic molecular semiconductors. As is the case with organic systems, nanocrystal films exhibit extremely low carrier concentrations and high trap densities (17, 18) , as well as confined excitations which may migrate between crystals (19) . All of these properties are sufficient, and some requisite, for solar energy conversion based on the donor-acceptor model (7, 9) . The strong similarities between the two classes of materials suggest that a nanocrystal donor-acceptor solar cell may be constructed without any organic component.
The photovoltaic devices described here utilize rod-shaped cadmium selenide ( Figure   1A ) and cadmium telluride ( Figure 1B ) nanocrystals, synthesized and prepared separately (21). A schematic energy diagram in Figure 1C illustrates the staggered band alignment of this prototypical donor-acceptor pair (20) . In fabricating devices, nanocrystals were spin-cast from a filtered pyridine solution, allowing for the creation of ultra thin, flexible films of densely packed nanocrystals on virtually any substrate. In Figure 1D , a representative scanning electron micrograph shows that typical films are homogeneous and pinhole-free over large areas.
Planar donor-acceptor heterojunctions were fabricated by sequentially spin-casting films of CdTe followed by CdSe on indium tin oxide (ITO) glass. Thermally deposited aluminum was used as a reflective top contact. Brief annealing of the first film for 15 minutes at 200 degrees C was found to remove residual solvent and allow for superjacent deposition of the second film, thus creating high quality bilayer structures with minimal intermixing at the interface (21).
In Figure 2A , the photoaction spectrum of a typical bilayer cell reveals features from both the CdSe and CdTe absorption spectra, demonstrating that both components contribute to the photocurrent. Current-voltage characteristics of this device in the dark and at simulated AM1.5G full-sun illumination are presented in Figure 2B Given their ostensibly similar structures, it is necessary to distinguish the solar cells presented here from conventional thin film heterojunction cells. Conventional cells depend on a junction between bulk p-and n-doped materials to form a built-in field, which then acts as the primary driving force for minority carrier extraction (23, 24) .
Similar to organic semiconductors, colloidal nanocrystals are characterized by extremely limited free-carrier concentrations (4) . In fact, three-dimensional CdSe colloid arrays have been found to contain essentially no free carriers without illumination (18) . As such, the creation of a depleted junction in these nanocrystal cells is highly unlikely.
In accordance with prior studies, the CdSe and CdTe films presented here are electrically insulating in the dark. Measuring surface conduction across a 1mm gap between two aluminum electrodes yields linear IV curves, from which sheet resistances exceeding 500 G-ohms/ , a value limited by the measurement apparatus, can be extracted for films of either material on glass substrates. Exposing the films to 100 mw/cm2 full-sun irradiation affects a dramatic rise in conductivity. Sheet resistances, now measurable, In order to assess the role of charge transfer in facilitating photovoltaic energy conversion, devices comprised of a thin-film of only one nanocrystal material were juxtaposed with cells containing charge transfer junctions between the two types of crystals. All devices had comparable thicknesses of active materials on the order of 100 nm and comparable optical densities across the spectrum. A direct comparison of external quantum efficiencies in the CdTe-only, CdSe-only, and bilayer CdTe/CdSe devices appears in Figure 2C , showing a significant enhancement in creation and extraction of carriers due solely to the presence of a charge transfer interface within the device. As is the case in organic systems, separation of electrons and holes across the interface enhances the diffusional driving force for charge extraction while reducing the likelihood of geminate recombination within the system. Results for devices composed of intimately mixed blends of CdSe and CdTe nanocrystals also appear in Figure 2C .
These blend films similarly exhibit enhanced quantum efficiencies over single-material cells, offering further evidence that the photoaction of these devices is based on a donoracceptor junction rather than a conventional planar p-n junction (25).
Additional information regarding the mechanism for charge extraction can be gained from comparing the current-voltage characteristics of these various devices. It has already been noted that cells based on heterojunction bilayers exhibit good diode behavior with strong rectification. By comparison, current-voltage characterization of devices composed of only CdTe or only CdSe showed no significant rectification. We can thus deduce that the observed photovoltaic effect in the bilayer is not a result of Schottkey contacts to either material, but rather is due to the intended heterojunction.
Having ruled out the presence of conventional p-n or Shottkey junctions, it appears that the bilayer nanocrystal cell operates by means of the diffusion assisted donor-acceptor heterojunction typical of organic devices. It is important, however, to note several characteristics of the nanocrystal solar cell that set it apart from its organic-based counter parts. Perhaps most striking is the fact that while the most efficient organic solar cells are based on distributed heterojunctions, devices based on simple blends of donor and acceptor nanocrystals ( Figure 2D ) neither rectify nor produce a significant photovoltage.
This poor performance can be attributed to the fact that, in contrast to organic systems, common electrodes do not readily form selective contacts to either the donor or acceptor nanocrystals. Electrons and holes can be injected into either material, such that blend cells pass current in both forward and reverse bias. Incorporation of blocking layers in future cell designs may allow for further investigation of the blend system.
Another fundamental distinction of the nanocrystal system has direct consequences on the performance of these devices. While a heterojunction is nearly always required to efficiently produce free charges from excitons in organic systems, this is not the case for the nanocrystals utilized in this study. Rod shaped nanocrystals with high aspect ratios exhibit little confinement along the length of the rod (26). Excitations can thus dissociate over this dimension, creating free carriers throughout the nanocrystal film. This is a significant departure from organic systems, in which free carriers are created only when otherwise tightly bound excitons are separated across the donor-acceptor junction.
With both free electrons and holes residing in the donor and acceptor materials, carriers are more susceptible to non-geminate recombination in the nanocrystal system. This recombination is compounded by the large presence of surface states on the nanocrystals, which act to trap carriers as they move through the film. Indeed, detrimental recombination losses are apparent in the low quantum efficiency of the nanocrystal cell compared with similar devices made from organic semiconductors. Figure 3B ). This is strong evidence that the driving force for charge extraction is the same in sintered and unsintered devices.
By varying simple system parameters such as electrode material, even higher efficiencies have already been achieved in sintered nanocrystal cells. Figure 3C shows currentvoltage characteristics for the best device fabricated to date. Employing a calcium top contact capped with aluminum, this cell demonstrates an AM1.5G power conversion efficiency of 2.9 %, with I sc of 13.2 mA/cm 2 , Voc of 0.45 V and FF of 0.49.
None of the solar cells presented here, whether sintered or not, exhibited the strong sensitivity to photo-oxidation characteristic of organic-based devices; in fact, aging seems to improve rather than deteriorate their performance. Figure 4 shows the AM1.5G
full-sun behavior of a typical sintered device characterized in air before and after 13,000
hours' exposure to ambient atmosphere and lighting. The cell shows only a 1.4% decrease in short-circuit current, while the fill-factor rose 4.4% and the open-circuit voltage increased by over 10%. Overall, the atmospheric aging resulted in a 13.6% increase in efficiency. Light soaking experiments revealed less than 2% degradation in photocurrent after 14 hours at short-circuit under simulated AM1.5G illumination. These phenomena serve to illustrate the robustness of this system over its organic counterparts. Current-voltage behavior at simulated one-sun AM1.5G illumination for a typical sintered bilayer device upon first exposure to air (solid) and after 13000 hours exposure to ambient atmosphere and light. Exposure to air and ambient light results shows minimal degradation in short-circuit current, and ultimately affords a 13.6% improvement in overall power conversion efficiency. These ultrathin cells exhibit sub-optimal absorptivity, with average optical density of approximately 0.7. This assumes full back contact reflection such that incident light passes through the film twice. 29.
Short-circuit currents obtained under simulated AM1.5G illumination were well matched with those obtained by integrating EQE data with the true AM1.5G solar emission spectrum. Details on solar simulation is available as supporting material on Science Online. 30.
